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Abstract—Hybrid precoding has been recently proposed as
a cost-effective transceiver solution for millimeter wave (mm-
wave) systems. While the number of radio frequency (RF)
chains has been effectively reduced in existing works, a large
number of high-precision phase shifters are still needed. Practical
phase shifters are with coarsely quantized phases, and their
number should be reduced to a minimum due to cost and
power consideration. In this paper, we propose a novel hardware-
efficient implementation for hybrid precoding, called the fixed
phase shifter (FPS) implementation. It only requires a small
number of phase shifters with quantized and fixed phases. To
enhance the spectral efficiency, a switch network is put forward
to provide dynamic connections from phase shifters to antennas,
which is adaptive to the channel states. An effective alternating
minimization (AltMin) algorithm is developed with closed-form
solutions in each iteration to determine the hybrid precoder and
the states of switches. Moreover, to further reduce the hardware
complexity, a group-connected mapping strategy is proposed to
reduce the number of switches. Simulation results show that the
FPS fully-connected hybrid precoder achieves higher hardware
efficiency with much fewer phase shifters than existing proposals.
Furthermore, the group-connected mapping achieves a good
balance between spectral efficiency and hardware complexity.
Index Terms—Alternating minimization, hardware efficiency,
hybrid precoding, large-scale antenna arrays, millimeter wave
communications.
I. INTRODUCTION
Uplifting the carrier frequency to millimeter wave (mm-
wave) bands is an effective approach to meet the capacity
requirement of the upcoming 5G networks, and thus mm-
wave communication has drawn extensive attention from both
academia and industry [2], [3]. Thanks to the small wavelength
of mm-wave signals, large-scale antenna arrays can be lever-
aged at transceivers to combat huge path loss at mm-wave
frequencies and support directional transmissions with ad-
vanced multiple-input-multiple-output (MIMO) techniques. As
equipping each antenna element with a single radio frequency
(RF) chain is costly and power hungry, hybrid precoding has
been put forward as a cost-effective transceiver solution, which
utilizes a limited number of RF chains to connect a digital
baseband precoder and an analog RF precoder [4].
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In contrast to the conventional fully digital precoder, the
additional hardware in the hybrid one is the analog component,
also called the analog network, which determines the overall
hardware structure of the hybrid precoder. Most existing works
on hybrid precoding are performance-oriented, i.e., aiming at
maximizing the spectral efficiency [4]–[6]. However, spectral
efficiency close to the fully digital precoder was achieved
with bulky hardware and impractical assumptions for the
analog network, which results in a poor hardware efficiency
and hinders its practical implementation. Thus, it is of great
importance to develop hardware-efficient analog networks that
help the practical deployment of hybrid precoders.
To discuss hardware-efficient design, we first introduce a
few terminologies for describing the hybrid precoder structure.
Each hybrid precoder structure is specified by its mapping
strategy and hardware implementation. Specifically, the map-
ping strategy decides how the RF chains and antenna elements
are connected, which also determines the number of hardware
components needed in the analog network. Typical mapping
strategies include the fully- and partially-connected ones. The
fully-connected one exploits all the degrees of freedom to
perform the mapping, i.e., it maps every RF chain to all
the antennas, e.g., [4]. In contrast, each RF chain is only
connected to a subset of antennas in the partially-connected
one, e.g., [7]. On the other hand, the hardware implementation
specifies the adopted hardware components and the way each
RF chain-antenna pair is connected. The single phase shifter
(SPS) implementation is the most commonly adopted one,
which deploys one phase shifter to realize each RF chain-
antenna connection [8]. More recently, a double phase shifter
(DPS) implementation was proposed in [9], [10] to simplify
the hybrid precoding algorithm design, where two distinct
phase shifters are used to connect each RF chain-antenna pair.
In this paper, we propose a novel analog network structure
that significantly improves the hardware efficiency of hybrid
precoders. This is achieved by an innovative hardware imple-
mentation, called the fixed phase shifter (FPS) implementa-
tion, and a new mapping strategy, i.e., the group-connected
mapping. In particular, the new structure can approach the
performance of the fully digital precoder with very few fixed
phase shifters.
A. Related Works
The fully-connected mapping strategy with the SPS im-
plementation, referred as the SPS fully-connected structure,
is the most popular structure in earlier works on hybrid
precoding [4], [6], [11]–[13]. However, this structure entails a
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2drawback in the analog network, i.e., the number of phase
shifters in use is N tRFNt, with N
t
RF and Nt being the
numbers of RF chains and antennas, respectively. Note that
phase shifters, originally utilized in military radar systems, are
newly-introduced hardware components in hybrid precoding
systems, and currently very costly for commercial use, e.g., it
can be around a hundred US dollars even with low resolution
[14]. Hence, deploying such a large number of phase shifters
would cause prohibitively high cost and power consumption.
More importantly, phase shifters are assumed with variable
high resolution to provide near-optimal performance with
effective algorithms, which is far from practical.
To improve the hardware efficiency, one possible way is
to reduce the number of phase shifters in use via changing
the mapping strategy. Partially-connected mapping, which
connects each RF chain to a subset of antennas, stands out as a
popular solution [7], [10], [15]–[17]. A semidefinite relaxation
based alternating minimization (SDR-AltMin) algorithm was
proposed in [15] for hybrid precoder design with this mapping
strategy. Based on a similar idea as successive interference
cancellation (SIC), an iterative hybrid precoding algorithm
for the partially-connected mapping was proposed in [16].
In addition, a greedy algorithm and a modified K-means
algorithm were developed in [17] and [10], respectively, to
dynamically optimize the subarrays in the partially-connected
mapping for performance improvement. While various tech-
niques were introduced to design hybrid precoders with the
partially-connected mapping, there still exists a non-negligible
gap in spectral efficiency compared with the fully-connected
one. Inevitably, trade-offs need to be made between hardware
efficiency and spectral efficiency, but the partially-connected
mapping goes to an extreme, i.e., it enhances the hardware
efficiency by incurring too much performance degradation. It
is thus of practical importance to develop hardware-efficient
hybrid precoder structures that can achieve more flexible trade-
offs.
On the other hand, different hybrid precoding algorithms
have been proposed assuming phase shifters with arbitrary
precision, e.g., orthogonal matching pursuit (OMP) [4], man-
ifold optimization [15], and SIC [16]. Following these works,
a straightforward refinement for practical hardware implemen-
tation is to design hybrid precoders with quantized phase
shifters [11], [12], [18]–[20]. The main approach is either
to determine all the phases at once [4], [11], [18], [19] or
update one phase at a time [20] by ignoring the quantization
effect at first. Then the phases are heuristically quantized into
the finite feasible set according to certain criteria. However,
a simple quantization step is far from satisfactory, and the
optimality and convergence of the proposed algorithms cannot
be guaranteed [20]. In addition, hybrid precoder design based
on codebooks consisting of quantized phases was investigated
in [21]–[23]. While codebook-based design enjoys a low
complexity, there will be certain performance loss, and it is not
clear how much performance gain can be further obtained. The
number of quantized phase shifters was to some extent reduced
in [19], which is approximately d80pe for achieving a certain
required precision  = 10−p, e.g., around 160 quantized phase
shifters are needed for  = 0.01. Unfortunately, a large number
of phase shifters are still needed for achieving a high spectral
efficiency under practical settings in multiuser OFDM systems,
i.e., ∼40 quantized phase shifters for each RF chain, and the
number varies with the precision requirement. More impor-
tantly, in these existing works, the phases need to be adapted to
the channel states, which brings high hardware implementation
complexity and also increases power consumption. Recently,
a hybrid precoder structure that adopts switches to improve
the hardware efficiency was put forward in [24]. Nevertheless,
simply replacing variable phase shifters with switches will
cause significant performance degradation. Therefore, a more
effective approach to handle quantized phases is needed, and
the number of phase shifters should be reduced to a minimum.
B. Contributions
In this paper, we investigate hardware-efficient design for
hybrid precoding in general multiuser orthogonal frequency-
division multiplexing (OFDM) mm-wave systems. The main
contributions are summarized as follows.
• As a first step, a novel hardware implementation is
proposed for the analog network, called the fixed phase
shifter (FPS) implementation, where only a small num-
ber of phase shifters with fixed phases are needed. To
compensate the performance loss induced by the fixed
phases, a switch network is proposed to provide dynamic
connections from phase shifters to antennas, which is
easily implementable by adaptive switches.
• An AltMin algorithm is developed to design the hybrid
precoder with the fully-connected mapping, where an
upper bound of the objective function is derived as an
effective surrogate. In particular, the large-scale binary
constraints induced by the switch network are delicately
tackled with the help of the upper bound, which leads
to closed-from solutions for both the dynamic switch
network and the digital baseband precoder, and therefore
enables a low-complexity hybrid precoding algorithm.
• To further reduce the hardware complexity, a novel
mapping strategy, i.e., the group-connected mapping, is
proposed and then applied along with the FPS implemen-
tation. This flexible mapping strategy incorporates the
popular fully- and partially-connected mapping strategies
as special cases. More importantly, the introduction of
this new mapping strategy does not incur any additional
design challenges as the hybrid precoder can be readily
designed by leveraging existing hybrid precoding algo-
rithms.
• Extensive comparisons are provided to reveal valuable
design insights. In particular, the FPS fully-connected
hybrid precoder structure is shown to be able to easily
approach the performance of the fully digital precoder,
and enjoys a higher hardware efficiency than existing
proposals. What deserves a special mention is the sharp
reduction of the number of phase shifters compared with
existing hybrid precoder implementations, e.g., ∼10 fixed
phase shifters in total are sufficient. In addition, the
FPS group-connected structure, which further reduces the
number of switches, provides a flexible way to trade off
spectral efficiency with hardware complexity.
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Fig. 1. A multiuser mm-wave MIMO-OFDM system with FPS hybrid precoder implementation. To simplify the figure, in the analog precoder, each solid
line with a slash represents parallel signal transmissions while each dotted line stands for NtRF switches.
In summary, our results firmly show that the proposed
FPS group-connected structure is a promising candidate for
hardware-efficient hybrid precoding in 5G mm-wave commu-
nication systems.
C. Organization
The remainder of this paper is organized as follows. In
Section II, we introduce the system model and proposed
FPS implementation, followed by the problem formulation.
The AltMin algorithms for the single-carrier and multicarrier
systems with the FPS fully-connected mapping strategy are
demonstrated in Sections III and III-C, respectively. Section IV
introduces the group-connected mapping strategy. Simulation
results are presented in Section V. Finally, we conclude this
paper in Section VI.
D. Notations
The following notations are used throughout this paper.
a and A stand for a column vector and a matrix, respec-
tively; The conjugate, transpose, and conjugate transpose of
A are represented by A∗, AT , and AH ; ‖a‖2 and ‖A‖F
denote the `2 and Frobenius norms of vector a and matrix
A; blkdiag(A1, · · · ,Ai) establishes a block diagonal matrix
using A1, · · · ,Ai as its diagonal terms; tr(A) and vec(A)
indicate the trace and vectorization; Expectation and the real
part of a complex variable is noted by E[·] and <[·].
II. SYSTEM MODEL
A. Hybrid Precoding and Combining
Consider the downlink transmission of a multiuser mm-
wave MIMO-OFDM system as shown in Fig. 1. A base station
(BS) leverages an Nt-size antenna array to serve K users
over F subcarriers using OFDM. Each user is equipped with
Nr antennas and receives Ns data streams from the BS on
each subcarrier. The numbers of available RF chains are N tRF
and N rRF for the BS and each user, respectively, which are
restricted as KNs ≤ N tRF < Nt and Ns ≤ N rRF < Nr.
The received signal of the k-th user on the f -th subcarrier
is given by
yk,f =
√
ρkW
H
Bk,fW
H
RFk
(
Hk,fFRF
K∑
k=1
FBk,fsk,f + nk,f
)
,
(1)
where the subscript (k, f) stands for the k-th user on the f -
th subcarrier. The average received power of the k-th user is
denoted as ρk, and sk,f is the transmitted signal such that
E
[
sk,fs
H
k,f
]
= PKNsF INs , where P is the transmit power.
In addition, nk,f denotes the circularly symmetric complex
Gaussian noise with power as σ2n at the users. The digital
baseband precoders and combiners are denoted as FBk,f
and WBk,f , respectively, with dimensions N tRF × Ns and
N rRF ×Ns. Since the transmitted signals for all the users are
mixed together by the digital precoders, and analog RF precod-
ing is a post-IFFT (inverse fast Fourier transform) operation,
the RF analog precoder FRF with dimension Nt ×N tRF is a
common component shared by all the users and subcarriers.
Correspondingly, the Nr ×N rRF RF analog combiner WRFk
is subcarrier-independent for each user. In this paper, we focus
on the precoder design while the combiners can be designed
in a similar way.
As discussed in Section I, each hybrid precoder structure is
primarily determined by the mapping strategy and hardware
implementation. In particular, the former maps the signals
out of the limited RF chains to the large-scale antenna ar-
ray, while the latter decides what kind of and how many
hardware components are adopted to process the signal for
each RF chain-antenna pair. In this section, a novel hardware
implementation is first proposed to seek a hardware-efficient
hybrid precoder structure. Then, to achieve a better balance
between the hardware complexity and spectral efficiency, a
flexible mapping strategy is introduced in Section IV.
B. FPS Implementation
Recently, a DPS implementation was proposed in [9], [10],
which enables low-complexity hybrid precoder design and
also greatly improves the spectral efficiency. These benefits
come from allowing the same signal to pass through two
phase shifters. Inspired by this insight, we propose a hardware-
efficient implementation in the following.
4TABLE I
COMPARISONS OF HARDWARE COMPONENTS IN THE ANALOG NETWORK FOR DIFFERENT HYBRID PRECODER STRUCTURES
Phase shifter Other hardware components
Number NPS Type Power PPS Hardware Number NOC Power POC
SPS [4], [15]
Fully-connected NtRFNt
Adaptive 50 mW N/A N/A N/APartially-connected Nt
SPS with Butlter Fully-connected N
t
RFNt
2
(log2Nt − 1)
Fixed 20 mW Coupler
NtRFNt
2
log2Nt
10 mW
matrices [25] Partially-connected Nt
2
(
log2
Nt
NtRF
− 1
)
Nt
2
log2
Nt
NtRF
DPS [9], [10]
Fully-connected 2NtRFNt
Adaptive 50 mW N/A N/A N/APartially-connected 2Nt
FPS
Fully-connected
Nc  Nt
Multi-channel
20 mW Switch
NcNtRFNt
5 mWGroup-connected Fixed 1
η
NcNtRFNt
RF 
Chain
Fig. 2. The FPS implementation from an RF chain to a connected antenna.
In the proposed implementation, Nc phase shifters are used,
where Nc  Nt, as shown in Fig. 1. One critical difference
between the proposed implementation and existing ones is
that the number of phase shifters no longer depends on any
other parameters, e.g., the number of RF chains or antennas,
and can be made very small, which effectively improves the
hardware efficiency. Inspired by the beneficial operation in
the DPS implementation, the signal from each RF chain is
passed through all Nc available phase shifters. In other words,
each phase shifter is an N tRF-channel phase shifter [26] that
can simultaneously process the output signals from N tRF RF
chains, i.e., in a parallel fashion. On the other hand, while the
number of (multi-channel) phase shifters could be small, it is
still intractable to shift arbitrary phases or to switch between
multiple quantized phase levels at a high speed to adapt to
the channel states. In our proposal, instead of variable phase
shifters, the Nc phase shifters are assumed with fixed phases
[27], which is independent of the channel states. Thus, this
proposal is referred as the FPS implementation.
Remark 1: With the limited number of fixed phase shifters,
the analog precoder can only provide the same static precoding
gain for all RF chain-antenna pairs and therefore inevitably
entails performance loss.
To overcome this drawback brought by the simplified hard-
ware implementation, we propose to cascade a dynamic switch
network after the fixed phase shifters, which is adapted to the
channel states. The signal flow in the FPS implementation is
illustrated as follows. To clearly illustrate the proposed FPS
implementation, we focus on the signal flow of one RF chain-
antenna pair, as shown in Fig. 2. The Nc fixed phase shifters
generate Nc signals with different phases for the output signal
of the given RF chain. We propose to adaptively combine a
subset of the Nc signals to compose the analog precoding gain
from the RF chain to the antenna, which is realized by Nc
adaptive switches. Hence, Nc switches are needed for each RF
chain-antenna pair. Note that, with only binary on-off states,
adaptive switches are much easier to implement than adaptive
phase shifters [24], [27].
Remark 2: The adaptive switch network enables the analog
precoder to offer various precoding gains for different RF
chain-antenna pairs to adapt to the channel states. Later we
will see that although the proposed FPS implementation can
only provide the analog precoding gains from a
∑Nc
i=0
(
Nc
i
)
-
dimension codebook, its performance is satisfactory with just
a small value of Nc.
In summary, all the hardware components needed for the
FPS implementation are Nc fixed phase shifters and Nc
switches per RF chain-antenna pair, and the total number of
switches depends on the employed mapping strategy.
Accordingly, the analog RF precoding matrix FRF can be
expressed as
FRF = SC, (2)
where the switch matrix S is a binary matrix with dimension
Nt ×NcN tRF , and the Boolean constraints are induced by
the switches with binary states. Note that some entries may
be forced to be zero due to different mapping strategies, which
shall be discussed later. The matrix C ∈ CNcNtRF×NtRF stands
for the phase shift operation carried out by the available fixed
phase shifters, given by a block diagonal matrix as
C = blkdiag
c, c, · · · , c︸ ︷︷ ︸
NtRF
 , (3)
where c = 1√
Nc
[
eθ1 , eθ2 , · · · , eθNc ]T is the normalized
phase shifter vector containing all Nc fixed phases {θi}Nci=1.
Note that although there are NcN tRF non-zero parameters in
matrix C, only Nc phase shifters are required since the phase
shifters are with N tRF parallel channels and shared by all RF
chain-antenna pairs.
Table I lists the required hardware components in the
analog network for different hybrid precoder structures, as
5well as the corresponding power consumption of each kind
of hardware component [24]. It shows that the proposed FPS
implementation employs much less (fixed) phase shifters and
consumes less power compared with existing works. While a
bunch of switches are cascaded after the fixed phase shifters,
the advantages of this proposal in hardware complexity and
power consumption shall be demonstrated more explicitly in
Section V via numerical comparisons.
Remark 3: The ease of implementation and operation is an-
other important aspect in hybrid precoder design. As switches
only have binary states while high-resolution phase shifters
need to be adaptive between a large number of states, the
design and implementation of adaptive switches are generally
easier than high-resolution adaptive phase shifters [28], which
makes the proposed FPS a practical and hardware-efficient
implementation for the hybrid precoder structure.
C. Problem Formulation
There exist different formulations to maximize the spec-
tral efficiency of hybrid precoding systems. One can either
directly maximize the spectral efficiency [5], or adopt other
performance metrics, e.g., mean square error (MSE) [29]
as surrogates to maximize the spectral efficiency. However,
these formulations either result in high-complexity algorithms
or with poor performance. More importantly, in multiuser
multicarrier (MU-MC) systems, the analog precoder is a
component that is shared by all users and subcarriers, which
incurs additional difficulties on hybrid precoder design and
therefore calls for a more tractable formulation to maximize
the spectral efficiency. It has been shown in [4], [9], [13],
[15], [18], [20], [30] that minimizing the Euclidean distance
between the fully digital precoder and the hybrid precoder is
an effective and tractable alternative objective for maximizing
the spectral efficiency in mm-wave systems.
On the other hand, it was found in [9], [10] that the hybrid
precoder in the multiuser setting produces residual inter-user
interference, as it only approximates the fully digital precoder.
Such interference will significantly degrade the system perfor-
mance, especially at high SNR regimes. Moreover, this issue
is more prominent in the multicarrier system as the analog
precoder is shared by a large number of subcarriers.
Therefore, to both effectively approximate the fully digital
precoder and cancel the inter-user interference, we propose to
apply a two-layer precoding at the baseband [31]. In particular,
the digital baseband precoder FBk,f consists of two parts, i.e.,
FBk,f =
√
κFBBk,fFBDk,f , (4)
where κ is a normalization factor, FBBk,f ∈ CNtRF×Ns
is the precoder that is utilized for approximating the fully
digital precoder along with the analog precoder FRF, and
FBDk,f ∈ CNs×Ns is the precoder that is responsible for
canceling the inter-user interference. A similar approach was
adopted in [32].
Correspondingly, the first task, i.e., to approximate the fully
digital precoder, can be formulated as
P1 :
minimize
S,FBB
‖Fopt − SCFBB‖2F
subject to S ∈ B
(5)
where the combined fully digital precoder is denoted as
Fopt =
[
Fopt1,1, · · · ,Foptk,f , · · · ,FoptK,F
]
∈ CNt×KNsF ,
and FBB =
[
FBB1,1, · · · ,FBBk,f , · · · ,FBBK,F
]
is the con-
catenated digital precoder1 with dimension N tRF ×KNsF .
The constraint set of the switch matrix is denoted as B.
Note that, while the transmit power constraint is not explicitly
considered in P1, it shall be satisfied by adapting the normal-
ization factor κ after P1 is solved.
With the digital precoder FBBk,f at hand, the other precoder
FBDk,f is cascaded after it to cancel the inter-user interference
based on the effective channel including the hybrid precoder
and physical channel, which is given by
Hˆk,f = W
H
BBk,fW
H
RFkHk,fFRFFBBf , (6)
where FBBf =
[
FBB1,1, · · · ,FBBk,f , · · · ,FBBK,f
]
with
dimension N tRF ×KNs is the composite digital precoder on
the f -th subcarrier. Then, our goal is to design precoders
FBDk,f that satisfy the conditions
Hˆj,fFBDk,f = 0, k 6= j. (7)
A simple way to achieve the conditions is the block diagonal
(BD) precoder. More details can be found in [33].
Since the inter-user interference is canceled, we can deter-
mine the normalization factor κ to satisfy the transmit power
constraint
∑K
k=1
∑F
f=1
∥∥FRFFBk,f∥∥2F ≤ KNsF , which is
given by
κ =
KNsF∑K
k=1
∑F
f=1
∥∥SCFBBk,fFBDk,f∥∥2F . (8)
Note that the combiners at the user side are with the same
analog network structure as (2). The hybrid combiners can be
designed in a similar way as P1 for each user independently,
and thus are omitted due to space limitation. In addition, the
problem formulation is not limited to any specific channel
models or fully digital precoding schemes. It can be easily
observed that the hybrid precoder can be readily designed by
(6) to (8) once P1 is solved, and hence we will focus on P1
in the following sections.
III. HYBRID PRECODER DESIGN WITH THE FPS
IMPLEMENTATION
In this section, we design the hybrid precoder with the
FPS implementation and the popular fully-connected mapping
strategy, for which every entry in the switch matrix S is a
binary optimization variable and there are in total NtNcN tRF
switches. As shown in the hybrid precoder design problem
P1, the main task is to design the binary switch matrix S
and the digital precoding matrix FBB. First we make some
observations on P1.
Remark 4: Since the switch matrix S is with finite possi-
bilities, the cardinality of the constraint set B for the analog
precoding matrix FRF is finite, which means that the OMP
algorithm [4], [13] is applicable to P1. However, different
1The phrase “digital precoder” is used to refer FBBk,f in the remainder
of this paper with a slight abuse of terminology, as it is the digital part in the
hybrid precoder that approximates the fully digital precoder.
6from the SPS case, the dimension of the dictionary in the
OMP algorithm for the FPS implementation is oversize, i.e.,[∑Nc
i=0
(
Nc
i
)]Nt
, which is a huge number in large-scale an-
tenna systems and hence hinders its practical implementation.
Remark 5: Alternating minimization can be directly applied
to P1 where the binary constraints can be tackled with the
semidefinite relaxation (SDR) technique [15]. However, an
NtN
t
RFNc + 1-dimension semidefinite programming (SDP)
problem should be solved in each iteration, which causes pro-
hibitive computational complexity. Moreover, how to recover
a rank-one solution from an SDR with binary constraints is
still an open problem [34]. This means that the optimality of
the relaxation in each iteration of the alternating procedure
cannot be ensured and hence the overall convergence of the
AltMin algorithm cannot be guaranteed.
As discussed above, the main difficulty to solve P1 is the
large-size binary constraints of the switch matrix S. As a
matter of fact, even if we only focus on the design of the switch
matrix S, P1 is an NP-hard problem [34]. In this section, by
deriving an effective surrogate for the objective function and
adopting alternating minimization, we come up with a low-
complexity hybrid precoding algorithm that well tackles the
binary constraints.
Note that the property of the combined digital precoding
matrix FBB ∈ CNtRF×KNsF differs for different system
settings. It is a tall matrix in single-carrier systems, i.e., F = 1,
since N tRF ≥ KNs. In contrast, when it comes to multicarrier
systems, FBB is likely to be a fat matrix as N tRF < KNsF
for practical system parameters. As we will see in this section,
this difference affects the manipulation of the algorithm, and
we first present the hybrid precoder design in single-carrier
systems2.
A. An Upper Bound for the Objective
In [5], [9], [15], it has been shown that imposing a semi-
orthogonal structure for FBB is an efficient way to achieve
near-optimal performance. Inspired by these results, we take
a similar approach as follows. In single-carrier systems, the
digital precoding matrix FBB is a tall matrix, and thus the
semi-orthogonal constraint is specified as
FHBBFBB = α
2FHDDFDD = α
2IKNs , (9)
where FBB = αFDD, α is a scaling factor, and FDD is a
semi-unitary matrix. Then, an upper bound is derived for the
objective function in P1 in the following lemma.
Lemma 1. The objective function in P1 is upper bounded by
‖Fopt‖2F − 2α< tr
(
FDDF
H
optSC
)
+ α2 ‖S‖2F . (10)
Proof: The objective function in P1 can be rewritten as
‖Fopt‖2F − 2α< tr
(
FDDF
H
optSC
)
+ α2 ‖SCFDD‖2F . (11)
2In this paper, single-carrier systems refer to single-carrier transmissions
assuming flat-fading channels. The choice of such a model is for the ease of
presentation, and the algorithm will be later extended to the more realistic
multicarrier case with frequency-selective fading channels.
According to (3), the phase shifter matrix C is a semi-unitary
matrix, i.e., CHC = INtRF . Therefore, we can derive an upper
bound for the last term in (11), given by
‖SCFDD‖2F = tr
(
FHDDC
HSHSCFDD
)
(a)
= tr
([
IKNs
0
]
KHSHSK
)
< tr
(
KHSHSK
)
= ‖S‖2F .
(12)
Step (a) follows the singular value decomposition (SVD) of
CFDDF
H
DDC
H = Kblkdiag (IKNs ,0) K
H by utilizing the
semi-unitary property of CFDD, whose left singular vectors
are the columns of K.
B. Alternating Minimization
By adopting the upper bound (10) as the surrogate objective
function and dropping the constant term ‖Fopt‖2F , the hybrid
precoder design problem P1 is reformulated as
P2 :
minimize
α,S,FDD
α2 ‖S‖2F − 2α< tr
(
FDDF
H
optSC
)
subject to
{
S ∈ {0, 1}Nt×NcNtRF
FHDDFDD = IKNs .
(13)
Alternating minimization, as an effective tool for opti-
mization problems involving different subsets of variables,
has been widely applied and shown empirically successful
in hybrid precoder design [5], [9], [15]. In this section, we
apply this design principle to the hybrid precoder design
with the FPS fully-connected structure. In each step of the
AltMin algorithm, one subset of the optimization variables is
optimized while keeping the other parts fixed.
When the switch matrix S and α are fixed, the optimization
problem can be written as
maximize
FDD
α< tr (FDDFHoptSC)
subject to FHDDFDD = IKNs .
(14)
According to the definition of the dual norm [35], we have
α< tr (FDDFHoptSC) ≤ ∣∣tr (αFDDFHoptSC)∣∣
(b)
≤ ∥∥FHDD∥∥∞ ∥∥αFHoptSC∥∥1
=
∥∥αFHoptSC∥∥1 = KNs∑
i=1
σi,
(15)
where ‖·‖∞ and ‖·‖1 stand for the infinite and one Schatten
norms [35], and (b) follows the Ho¨lder’s inequality. The
equality is established only when
FDD = V1U
H , (16)
where αFHoptSC = UΣV
H
1 follows the SVD and Σ is a
diagonal matrix with non-zero singular values σ1, · · · , σKNs .
While we can divide the optimization of the two variables
α and S into two separate subproblems, we propose to
update them simultaneously to save the number of subprob-
lems involved in the AltMin algorithm and therefore reduce
the computational complexity. By adding a constant term
7∥∥< (FoptFHDDCH)∥∥2F to the objective function in P2, the
subproblem of updating α and S can be recast as
minimize
α,S
∥∥< (FoptFHDDCH)− αS∥∥2F
subject to S ∈ {0, 1}Nt×NcNtRF .
(17)
Proposition 1. The optimal solution to (17) is given by
α? = arg min
{x˜i,x¯i}ni=1
{f(2x˜i), f(x¯i)} , (18)
S? =
1
{
< (FoptFHDDCH) > α2 1Nt×NcNtRF} α > 0
1
{
< (FoptFHDDCH) < α2 1Nt×NcNtRF} α < 0,
(19)
where n = NtNcN tRF, x = vec
{< (FoptFHDDCH)}, 1(·) is
the indicator function, and 1m×n denotes an m × n matrix
with all entries equal to one. The objective function in (17)
can be rewritten as f(α) in (36) in the proof. In addition, x˜i
is the i-th smallest entry in x, and
x¯i ,

∑i
j=1 x˜j
i x¯i < 0 and x¯i ∈ Ri∑n
j=i+1 x˜j
n−i x¯i > 0 and x¯i ∈ Ri
+∞ otherwiese,
(20)
where Ri , [2x˜i, 2x˜i+1].
Proof: See Appendix A.
Basically, f(α) is a quadratic function within each interval
Ri, as shown in (36) in the proof. This means that the optimal
solutions of α in all the intervals {Ri}ni=1 can only be obtained
either at the endpoints of the intervals, i.e., {2x˜i}ni=1, or at the
vertexes of the parabolas, i.e., {x¯i}ni=1, if they fall into the
intervals. Therefore, the optimal α? is obtained via a closed-
form solution by comparing the optimal solutions of α in all
the intervals {Ri}ni=1, as indicated in (18). Nevertheless, since
the number of intervals to be compared is n = NtNcN tRF, it
will incur high computational complexity when Nt is large
as in mm-wave systems. In the following lemma, we show
that there is no need to compute the optimal α in all the
intervals {Ri}ni=1, which further reduces the complexity of
the proposed algorithm.
Lemma 2. The optimal α? is obtained at one of the points
x¯i ∈ X , where X denotes the set of the x¯i’s that have finite
values of f(x¯i).
Proof: See Appendix B.
Lemma 2 indicates that any endpoints {2x˜i}ni=1of the inter-
vals {Ri}ni=1 cannot be the optimal solution for α. Moreover,
since f(α) is a coercive function, i.e., f(+∞) → +∞, we
only need to pick the x¯i’s that have finite values of f(x¯i),
i.e., the ones that satisfy the first two conditions in (20), and
the optimal solution for α is given by
α? = arg min
x¯i∈X
f(x¯i). (21)
By Lemma 2, the number of intervals we need to compare
to obtain the optimal α? is shrunk from n to |X |, which is
empirically shown to be less than 5 via simulations in Section
V and hence further reduces the computational complexity of
the proposed AltMin algorithm.
FPS-AltMin Algorithm: A Low-Complexity Hybrid Precod-
ing Algorithm for the FPS Fully-Connected Structure
Input: Fopt
1: Construct an initial point for F(0)DD according to (16) and
set k = 0;
2: repeat
3: Fix F(k)DD, optimize α
(k) and S(k) according to (21) and
(19), respectively;
4: Fix S(k) and α(k), update F(k)DD with (16);
5: k ← k + 1;
6: until convergence.
7: Compute the additional BD precoder FBDk,f at the base-
band to cancel the inter-user interference [9], and calculate
the normalization factor κ according to (8) for the hybrid
precoder at the transmit end.
8: return FRF = SC and FBk,f = α
√
κFDDk,fFBDk,f .
Thus, we have shown that, with the help of the upper bound
derived in (12), the large-scale binary switch matrix S can be
efficiently optimized by a closed-form solution (19), which
verifies the benefits and superiority of the surrogate objective
function adopted in P2. With the closed-form solutions derived
in (16), (19), and (21) at hands, the AltMin algorithm for
the FPS fully-connected structure in single-carrier systems is
summarized as FPS-AltMin Algorithm. There are several
issues involved in the FPS-AltMin algorithm that require some
further remarks.
1) Convergence: The FPS-AltMin algorithm is essentially
a block coordinate descent (BCD) algorithm with two blocks
FDD and {S, α}, whose globally optimal solutions are given
by (16), (19) and (21). Hence, the algorithm is guaranteed to
converge to a stationary point of P2 [36].
2) Initial point: Since the algorithm converges to a stationary
point, it may be sensitive to the initial point F(0)DD. We provide a
way to construct an initial point in the FPS-AltMin algorithm.
The fully digital precoding matrix Fopt can be decomposed
as follows according to its SVD Fopt = UΣVH , i.e.,
Fopt =
[
UΣ T
] [VH
0
]
, (22)
where UΣ is an Nt × KNs matrix with full column rank,
VH is a KNs-dimension square matrix, and T is an arbitrary
Nt×(N tRF−KNs) matrix. In (22), the fully digital precoding
matrix Fopt is decomposed into two matrices that satisfy the
dimensions of FRF and FDD, respectively. In other words,
FRF =
[
UΣ F
]
, α = 1, and FDD =
[
V 0
]H
is a globally
optimal solution to the hybrid precoding problem without any
constraints on the analog precoding matrix FRF. In this way,
we generate the initial point F(0)DD as
F
(0)
DD =
[
V 0KNs×(NtRF−KNs)
]H
. (23)
Note that F(0)DD fully extracts the information of the row space
of Fopt, whose basis are the first KNs rows in F
(0)
DD. We
also stress that the F(0)DD satisfies the semi-unitary constraint
introduced in (9).
83) Computational complexity: We compare the computa-
tional complexity of the proposed algorithm with the ones
mentioned in Remarks 4 and 5. Since the dictionary size
in the OMP algorithm is
[∑Nc
i=0
(
Nc
i
)]Nt
, the computational
complexity could be prohibitively high even though this algo-
rithm only needs a small number of iterations. For the SDR
method mentioned in Remark 5, in each iteration3, an n+ 1-
dimension SDP problem should be solved for updating the
analog part while a pseudo-inverse operation is needed for
updating the digital precoder. Therefore, the computational
complexity per iteration is O
(
(NtNcN
t
RF + 1)
6.5
)
. On the
contrary, in each iteration of the proposed FPS-AltMin al-
gorithm, the computational complexity is dominated by the
truncated SVD and sorting operations, with the complexity
O (K2N2sN tRF +NcN tRFNt logNcN tRFNt), which is much
lower than those of the OMP algorithm and SDR method4.
C. Hybrid Precoder Design in Multicarrier Systems
Multicarrier techniques such as OFDM are often utilized to
overcome the frequency-selective fading caused by the large
available bandwidth in mm-wave systems. Compared with the
narrowband hybrid precoder design in Section III, the main
difference in OFDM systems is that the analog precoder is
shared not only by all users but also across all subcarriers
[15], [21]. In particular, the digital precoding matrix FBB ∈
CNtRF×KNsF in P1 is no longer a tall matrix, since KNsF ≥
N tRF for practical OFDM system settings.
In this section, we modify the FPS-AltMin algorithm for
OFDM systems. Similar to (9), we enforce a semi-orthogonal
constraint on the digital precoding matrix. As FBB is generally
a fat matrix, the semi-orthogonal constraint is specified as
FBBF
H
BB = α
2FDDF
H
DD = α
2INtRF . (24)
In this way, the upper bound of the objective function derived
in (12) still holds since
‖SCFDD‖2F = tr
(
CHSHSC
)
(c)
= tr
([
INtRF
0
]
MHSHSM
)
< tr
(
MHSHSM
)
= ‖S‖2F ,
(25)
where (c) comes from the SVD of CCH , i.e., CCH =
Mblkdiag
(
INtRF ,0
)
MH , since C is a semi-unitary matrix,
and the columns of M are the left singular vectors of CCH .
As the modifications in multicarrier systems lie in the digital
precoding matrices Fopt and FBB, in the modified AltMin
algorithm, the update of α and S is the same as that in Section
III-B. On the other hand, since FDD is a fat matrix in OFDM
systems, the optimization of FDD should be modified as
FDD = VU
H
1 , (26)
3The procedure that updates both the analog and digital precoders is counted
as one iteration.
4To solve the switch matrix S in one iteration, the running time of the SDR
method is 1.3 s while the proposed FPS-AltMin algorithm takes 0.04 s when
Nt = 64, Nr = 16, and NtRF = N
r
RF = Ns = 4.
where αFHoptSC = U1ΣV
H and Σ is a diagonal matrix with
non-zero singular values σ1, · · · , σNtRF , which is the SVD of
FHoptSC. Correspondingly, the construction of the initial F
(0)
DD
is given by
F
(0)
DD = V
H
[1:NtRF]
, (27)
where Fopt = UΣVH is the SVD of Fopt and the subscript
[1 : n] denotes the first to the n-th columns of a matrix.
By substituting (27) and (26) into Steps 1 and 4 in the
FPS-AltMin algorithm, respectively, we obtain the modified
FPS-AltMin algorithm for mm-wave OFDM systems. The
conclusion on convergence remains the same as was dis-
cussed in Section III-B while the computational complex-
ity is O
(
KNsFN
t
RF
2
+NcN
t
RFNt logNcN
t
RFNt
)
. Further-
more, the inter-user interference canceling approach can also
be extended to OFDM systems, i.e., an additional BD precoder
is utilized based on the effective channel that is defined as
Hˆk,f = W
H
BBk,fW
H
RFkHk,fFRFFBBf , (28)
where FBBf =
[
FBB1,f , · · · ,FBBk,f , · · · ,FBBK,f
]
with
dimension N tRF ×KNs is the composite digital precoder on
the f -th subcarrier. Therefore, the extension to multicarrier
systems does not lead to extra design difficulties compared
with single-carrier systems.
IV. THE GROUP-CONNECTED MAPPING STRATEGY FOR
HYBRID PRECODING
In previous sections, the hybrid precoder design is based
on a novel hardware implementation but with a conventional
mapping strategy, i.e., the fully-connected mapping. In this
section, a new mapping strategy, called the group-connected
mapping, is proposed to offer a flexible trade-off between
hardware complexity and spectral efficiency. In particular, with
this mapping strategy, the number of switches in the FPS
implementation is further reduced.
A. The Group-Connected Mapping Strategy
Fig. 3 compares different mapping strategies. In the group-
connected mapping, the RF chains and antennas are divided
into η groups, as shown in Fig. 3(c). Within each group, the
mapping strategy is the same as the fully-connected mapping,
i.e., each RF chain is connected to all Ntη antennas. Thus, the
analog precoding matrix FRF has the block diagonal structure,
with each block corresponding to one RF chain-antenna group,
specified as
FRF =

R1
R2
. . .
Rη
 , (29)
with Ri ∈ C
Nt
η ×
NtRF
η being the analog precoding matrix in
the i-th group. Note that while the RF chains and antennas
are uniformly divided into η groups in Fig. 3(c) to simplify
notation, the grouping can be flexible, i.e., the numbers of RF
chains and antennas in different groups can be different.
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Fig. 3. Three mapping strategies for hybrid precoding in mm-wave MIMO systems: each RF chain is connected to all Nt antennas in (a), to Nt/NtRF
antennas in (b), and to Nt/η antennas in (c).
The proposed group-connected mapping is a general map-
ping strategy that incorporates existing mapping strategies as
special cases:
• When η = 1, which means that all RF chains and
antennas are in the only one group, the group-connected
mapping reduces to the fully-connected one, as shown in
Fig. 3(a).
• When η = N tRF, which means there is only one RF chain
in each group, and each of them is connected to Nt/N tRF
antennas, as shown in Fig. 3(b), the mapping strategy
corresponds to the partially-connected one, and the analog
precoding matrix FRF is a block diagonal matrix with
each block being an Nt/N tRF-dimension vector [15, Eq.
29].
Inevitably, trade-offs need to be made among hardware
complexity and spectral efficiency. The two existing mapping
strategies provide such a trade-off, but in an extreme way. The
fully-connected mapping strategy is with too low hardware
efficiency, while the partially-connected one incurs too much
performance degradation. In contrast, it will be shown later
in Section V that the group-connected mapping provides a
smoother transition between the two extreme cases. To the
best of the authors’ knowledge, this is the first proposal for a
general mapping strategy in hybrid precoding systems.
Similar to existing mapping strategies, the group-connected
mapping can also be applied to hybrid precoding along with
any hardware implementations, e.g., SPS, DPS, and FPS
implementations. As this paper mainly focuses on the FPS
hardware implementation, we will elaborate the hybrid pre-
coder design with the FPS group-connected structure in the
following.
B. Hybrid Precoder Design for the FPS Group-Connected
Structure
As mentioned before, the number of RF chains and phase
shifters has already been reduced by the FPS implementation.
On the other hand, the amount of switches depends on
the number of connections, which in turn is determined by
FPS-AltMin Algorithm: A Low-Complexity Hybrid Precod-
ing Algorithm for the FPS Group-Connected Structure
Input: Fopt
1: if N
t
RF
η ≥ KNsF then
2: Construct an initial point for F(0)DD according to (23) and
set k = 0;
3: repeat
4: Fix F(k)DD, optimize α
(k) and S(k) according to (21)
and (19), respectively;
5: Fix S(k) and α(k), update F(k)DD with (16);
6: k ← k + 1;
7: until convergence.
8: else
9: Construct an initial point for F(0)DD according to (27) and
set k = 0;
10: repeat
11: Fix F(k)DD, optimize α
(k) and S(k) according to (21)
and (19), respectively;
12: Fix S(k) and α(k), update F(k)DD with (26);
13: k ← k + 1;
14: until convergence.
15: end if
16: Compute the additional BD precoder FBDk,f at the base-
band to cancel the inter-user interference [9], and calculate
the normalization factor κ according to (8) for the hybrid
precoder at the transmit end.
17: return FRF = SC and FBk,f = α
√
κFDDk,fFBDk,f .
the mapping strategy. For the group-connected structure, the
analog precoding matrix can be rewritten as
FRF = SC = blkdiag
(
S1C˜, · · · ,SηC˜
)
, (30)
where C˜ ∈ C
NcN
t
RF
η ×
NtRF
η is a block diagonal matrix that
extracts the first N tRF/η blocks from the matrix C in (3),
and Si with dimension Ntη × NcN
t
RF
η is the switch matrix for
the i-th group. Hence, there are NtN tRF/η RF chain-antenna
10
pairs, and the number of switches in use is NtN tRFNc/η,
which is reduced by the factor of η compared with the FPS
fully-connected structure. Furthermore, the hardware imple-
mentation of the analog network is simplified with the group-
connected mapping. In particular, with the conventional fully-
connected mapping, Nt-way power dividers and N tRF-way
power combiners are required [37]. In contrast, with the
proposed group-connected mapping, only Nt/η-way power
dividers and N tRF/η-way power combiners are needed.
Fortunately, the reduced hardware complexity does not incur
additional difficulties and computational complexity in hybrid
precoder design. Due to the block diagonal structure of FRF,
the product of FRF and FBB can be expressed as
FRFFBB =
[
R1B1 · · · RηBη
]T
=
[
S1C˜B1 · · · SηC˜Bη
]T
.
(31)
The matrix Bi ∈ C
NtRF
η ×KNsF is the sub-matrix consisting of
the (i−1)NtRFη +1-th to the iN
t
RF
η -th rows of FBB. In this way,
the hybrid precoder design problem can be decoupled into η
subproblems, each of which corresponds to one group, given
by
Gi :
minimize
Si,Bi
∥∥∥Fi − SiC˜Bi∥∥∥2
F
subject to Si ∈ {0, 1}
Nt
η ×
NcN
t
RF
η ,
(32)
where Fi ∈ C
Nt
η ×KNsF is the sub-matrix that extracts the
(i−1)Ntη +1-th to the iNtη -th rows from Fopt. We can observe
that each subproblem Gi is with the same form as P1 with the
FPS fully-connected structure. This result is also intuitively
true since the mapping strategy within each group is nothing
but the fully-connected one.
Following the same procedures in Sections III and III-C,
the subproblems {Gi}ηi=1 can be solved in a parallel fash-
ion. The only additional step is to determine whether the
matrix Bi is a tall or fat matrix, i.e., to decide whether
Nt
η ≥ KNsF or not, since they correspond to different
ways to update FDD in single-carrier and multicarrier design,
respectively. For the FPS group-connected structure, the com-
putational complexity of the proposed FPS-AltMin algorithm
is O
(
KNsFN
t
RF
2
η +
NcN
t
RFNt
η log
NcN
t
RFNt
η2
)
.
Note that this design methodology for the group-connected
mapping is applicable to any kinds of hardware implemen-
tation. This means that the algorithm design for the group-
connected mapping with any hardware implementations can
be realized by directly migrating the design for the fully-
connected mapping, which has been investigated in abundant
existing works [4]–[6], [11], [15]. It also shows the benefits
of introducing this group-connected mapping from the algo-
rithmic perspective.
V. SIMULATION RESULTS
In this section, we evaluate the performance of the proposed
FPS-AltMin algorithm via simulations. Unless otherwise spec-
ified, the BS and each user are equipped with 144 and 16
antennas, respectively, while all the transceivers are equipped
with uniform planar arrays. The phases of the Nc available
fixed phase shifters are uniformly separated within [0, 2pi] by
Nc equal length intervals. Four users and 128 subcarriers are
assumed when considering multiuser OFDM systems. To re-
duce the cost and power consumption, the minimum number of
RF chains is adopted according to the assumptions in Section
II-A, i.e., N tRF = KNs and N
r
RF = Ns. The phases of the
available fixed phase shifters are uniformly separated within
[0, 2pi] by Nc equal-length intervals. The nominal SNR is
defined as PKNsFσ2n , and all the simulation results are averaged
over 1000 channel realizations. For the fully digital precoder,
the BD precoder is adopted, which is asymptotically optimal
in high SNR regimes [33]. Furthermore, the Saleh-Valenzuela
model is adopted in simulations to characterize mm-wave
channels [4], [15], and the frequency domain channel matrix
for the f -th subcarrier given by [15], [38]
Hf = γ
Ncl−1∑
i=0
Nray∑
l=1
αilar(φ
r
il, θ
r
il)a
H
t (φ
t
il, θ
t
il)e
−2piif/F , (33)
where γ =
√
NtNr
NclNray
is the normalization factor. The numbers
of clusters and rays in each cluster are represented by Ncl
and Nray, respectively. The channel gain of the l-th ray in
the i-th cluster is denoted as αil. Furthermore, ar(φril, θ
r
il)
at(φ
t
il, θ
t
il) represent the receive and transmit array response
vectors, where φril(φ
t
il) and θ
r
il(θ
t
il) stand for azimuth and
elevation angles of arrival and departure, respectively. While
this channel model is used in the simulation, our precoder
design does not depend on the channel model and is also
applicable to other more general models.
A. Single-User Single-Carrier (SU-SC) Systems
As a great number of previous efforts have been spent on
point-to-point systems, it is intriguing to test the performance
of the proposed implementation and algorithm by comparing
with existing works as benchmarks. The OMP algorithm
proposed in [4], [13] has been widely used as a low-complexity
algorithm with the analog precoder selected from a predefined
set, which contains the array response vectors of the channels.
An alternating minimization algorithm was then proposed in
[15] to improve the performance over the OMP algorithm,
yet with high computational complexity of performing the
manifold optimization, referred as the MO-AltMin algorithm.
For the SPS partially-connected structure, a dynamic subarray
approach was proposed in [17] to compensate the performance
loss caused by the fewer connections between the RF chains
and antennas5.
In Fig. 4, the performance of a random binary switch matrix
S in the FPS fully-connected structure is firstly presented. It
shows that this approach is far from satisfactory and therefore
a delicate design of the switch matrix is needed. Fig. 4 also
compares the performance achieved by the proposed FPS-
AltMin algorithm in the FPS fully-connected structure with
three existing approaches in the SPS fully-connected structure.
It shows that, although the phase shifters are with fixed
5As the algorithm in [17] can only design the hybrid precoder at the BS
side, a fully digital combiner is adopted at the user side for this approach
while other approaches adopt hybrid combiners in Fig. 4.
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Fig. 4. Spectral efficiency achieved by different hybrid precoding algorithms
in SU-SC systems when NtRF = N
r
RF = Ns = 4 and Nc = 30.
phases and the number of them is small, i.e., 30 fixed phase
shifters, the proposed FPS fully-connected structure achieves
the highest spectral efficiency. Thanks to the proposed low-
complexity FPS-AltMin algorithm, the simulation time of the
proposed algorithm is comparable to the OMP one for the SPS
fully-connected structure. The performance gain in spectral
efficiency over the benchmarks is mainly attributed to the
proposed FPS hardware implementation, where each signal
from an RF chain passes through more than one phase shifter.
Furthermore, the results show that the proposed FPS-AltMin
algorithm leads to an effective design of the dynamic switch
network. Note that the MO-AltMin algorithm is so far the one
that achieves the best performance in the SPS fully-connected
structure, which means the proposed structure and algorithm
stand out as an excellent candidate for hybrid precoding with
high hardware efficiency, high spectral efficiency, and low-
complexity design methodology.
B. Multiuser Multicarrier Systems
As we have shown that only a small number of phase
shifters is required to approach the performance of the fully
digital precoder in SU-SC systems, we wonder whether this
phenomenon still establishes when the analog precoder is
shared by all subcarriers and users in MU-MC systems.
While the MO-AltMin algorithm well tackles the unit modulus
constraint induced by the SPS implementation, the extremely
high computational complexity hinders its further extension
to MU-MC systems where the dimension of the optimization
scales up quickly.
Besides the fully digital case, we consider the following
three baseline cases for comparison. A hybrid precoder design
where one phase shifter is optimized in each iteration was
developed in [39], which so far achieves the best spectral effi-
ciency in the literature. In addition, Butler matrices can utilize
fixed phase shifters and hybrid couplers to realize the SPS
fully-connected structure, and the OMP algorithm is suitable
for designing the analog network based on Butler matrices. In
[9], the DPS fully-connected structure was proposed for MU-
MC systems to approach the performance of the fully digital
precoder by sacrificing the hardware efficiency of employing a
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Fig. 5. Spectral efficiency achieved by different hybrid precoding algorithms
in MU-MC systems when NtRF = 8, N
r
RF = Ns = 2, and Nc = 30.
large number of phase shifters, i.e., 2NtN tRF phase shifters. In
the evaluation of MU-MC systems, the DPS fully-connected
structure is adopted as the benchmark, where a simple low-
rank matrix approximation is enough for designing the hybrid
precoder.
As shown in Fig. 5, the proposed FPS fully-connected
structure only entails little performance loss compared to the
DPS fully-connected one when only 30 fixed phase shifters
are adopted. Both the DPS fully-connected and FPS fully-
connected structures benefit from the operation that allows
the same signal to pass through multiple phase shifters,
while the main difference between them is the quantized
and fixed phases assumed in the FPS one. This simulation
result demonstrates that the performance loss caused by the
quantization is negligible with the proposed hybrid precoder
structure. On the other hand, the FPS fully-connected structure
enjoys significant improvement in terms of spectral efficiency
compared with the SPS fully-connected structure with the
algorithm in [39] and the OMP algorithm based on Butler
matrices, which illustrates the effectiveness of both the newly
proposed implementation and algorithm. More importantly,
it indicates that the number of phase shifters can also be
sharply reduced by the proposed FPS implementation even
if the analog precoder is shared in MU-MC systems.
C. Comparisons of Hardware Efficiency
To improve the hardware efficiency, the number of fixed
phase shifters, i.e., Nc, should be reduced to a minimum.
Thus, a natural question is how many fixed phase shifters are
needed to support a satisfactory spectral efficiency. Fig. 6 plots
the spectral efficiency achieved with different numbers of fixed
phase shifters, i.e., Nc. The simulation parameters are the same
as those in Figs. 4 and 5 for SU-SC and MU-MC systems,
respectively. Fig. 6 shows that in SU-SC systems 15 phase
shifters are enough for achieving a satisfactory performance
as the spectral efficiency almost saturates when we further
increase the number of fixed phase shifters. By contrast, 576
variable phase shifters with arbitrary precision are needed
in the SPS implementation. Moreover, the OMP algorithm
achieves a lower spectral efficiency and the MO-AltMin al-
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Fig. 6. Spectral efficiency achieved by different hybrid
precoding algorithms in mm-wave MIMO systems given
SNR= 0 dB.
TABLE II
POWER CONSUMPTION OF THE ANALOG NETWORK FOR DIFFERENT HYBRID PRECODER
STRUCTURES IN MU-MC SYSTEMS
Phase shifter Other hardware Total powera
NPS Type Hardware NOC Ptotal
DPS fully-connected [9] 2304 Adaptive N/A N/A 115.2 W
FPS fully-connected 10 Fixedb Switch 11520 59.2 W
SPS fully-connected
1152 Adaptive N/A N/A 57.6 W4-bit quantization [39]
FPS fully-connected 2 Fixed Switch 2304 11.84 W
SPS fully-connected
3456 Fixed Coupler 4032 109.44 Wwith Bulter matrices
aThe total power consumed by the main hardware components in the analog network.
bFor fair comparisons, the power consumed by the FPS implementation is counted by
calculating the power of NcNtRF fixed phase shifters, each of which is with the same power
consumption as the fixed phase shifter in the Butler matrix implementation.
gorithm suffers from the high computational complexity. A
similar phenomenon is found in MU-MC systems, i.e., around
10 fixed phase shifters are sufficient, which has not been
revealed in existing works. Although the DPS implementation
slightly outperforms the proposed FPS-AltMin algorithm, it
employs 200 times more phase shifters with variable and high
resolution. This illustrates that the proposed FPS implemen-
tation is much more hardware-efficient than existing hybrid
precoder implementations, and also with satisfactory perfor-
mance, which is quite attractive for practical implementation
of hybrid precoding.
As MU-MC is more likely to be the system setting in future
5G mm-wave networks, we compare the power consumption
of different hybrid precoder structures in such systems, as
listed in Table II.
As the power consumption of the baseband and RF chains
are the same for different hybrid precoder structures, in this
section we compare the power consumption of the analog
network, which is the distinct part for different structures
and is mainly determined by the power consumed by phase
shifters, switches or couplers. The total power consumption
Ptotal of the analog network in Table II is calculated as
Ptotal = NPSPPS +NOCPOC, (34)
where PPS and POC are the power consumption of each phase
shifter and switch/coupler given in Table I. For fair com-
parisons, we compare the hardware efficiency by calculating
the power consumption of different hybrid precoder structures
while keeping comparable spectral efficiency. As indicated in
Fig. 6, 10 fixed phase shifters in the FPS fully-connected
structure are sufficient to achieve comparable performance
as that of the DPS fully-connected one. Table II shows
that, while a switch network is required in the FPS fully-
connected structure, it consumes much less power as the power
consumption of each switch is small. This leads to a higher
hardware efficiency than the DPS fully-connected structure
that requires a large number of adaptive phase shifters.
On the other hand, it is found in Fig. 6 that 2 fixed
phase shifters in the FPS full-connected structure are sufficient
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Fig. 7. Spectral efficiency of different values of η with the FPS group-
connected structure in SU-SC systems when Nt = 256, Nr = 16, NtRF =
NrRF = Ns = 4, and Nc = 30.
for achieving a comparable spectral efficiency as the SPS
fully-connected one with the algorithm in [39]. Note that
although infinite resolution phase shifters are assumed in [39],
quantized phase shifters should be adopted to ensure practical
comparison in terms of the power consumption. Therefore,
as suggested in [24] all the phase shifters in the SPS fully-
connected structure are quantized with 4 bits. According to
Table II, to achieve the same spectral efficiency, the SPS fully-
connected structure needs almost 5 times more power than
the FPS fully-connected one, which again demonstrates the
advantages of our proposal in terms of hardware efficiency.
In addition, due to the large numbers of fixed phase shifters
and hybrid couplers in the Butler matrix implementation,
it suffers from a huge power consumption and the lowest
spectral efficiency, which results in a low hardware efficiency.
Moreover, it is observed that different levels of hardware
efficiency can be readily achieved by adapting the number
of fixed phase shifters in the FPS fully-connected structure.
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D. The FPS Group-Connected Hybrid Precoder Structure
In this part, we evaluate the spectral efficiency achieved by
the proposed group-connected mapping strategy. By employ-
ing this mapping strategy with the FPS implementation, the
number of switches can be reduced by a factor of η, which
is the number of groups in the mapping. In existing works,
only the fully-connected (η = 1) and partially-connected
(η = N tRF) mapping strategies are available. As shown in Fig.
7, in SU-SC systems, there is a huge gap between these two
extreme mapping strategies, and the group-connected mapping
provides an effective way to close this gap, which helps
to balance the hardware complexity and spectral efficiency.
Moreover, by varying η from 4 to 2, the performance gap
is shrunk more than a half with the number of switches
being reduced by half, which shows that the superiority of the
group-connected mapping in SU-SC systems. Fig. 8 plots the
spectral efficiency achieved by the group-connected mapping
in MU-MC systems. Since it is more reasonable to leverage
more RF chains and antennas at the BS side, we assume the
group-connected structure at the BS to enable more flexible
choice in η and to show the effects of the group-connected
mapping, while keep the fully-connected structure (η = 1) at
the user side. Since the analog precoder is a shared component,
the performance gap between the group-connected mapping
and the fully-connected one in MU-MC systems is enlarged
when we simplify the hardware implementation of the analog
precoder. Nevertheless, similar to SU-SC systems, the group-
connected mapping provides a flexible approach to balance the
achievable performance and hardware complexity.
VI. CONCLUSIONS
In this paper, a hardware-efficient analog network structure
was developed for hybrid precoding.
• We first proposed a novel hardware implementation with
a small number of fixed phase shifters, supplemented
by a dynamic switch network that is adaptive to the
channel states to improve the performance. The proposed
FPS fully-connected structure is able to approach the
performance of the fully digital precoder, remarkably,
with small numbers of RF chains and phase shifters.
• Furthermore, a new mapping strategy for hybrid pre-
coding was introduced. Different from existing mapping
strategies that serve two extreme cases, i.e., the fully-
and partially-connected mapping strategies, the proposed
group-connected mapping strategy offers more refined
trade-offs between hardware complexity and spectral effi-
ciency. More importantly, this new mapping is compatible
with different hardware implementations, and the hybrid
precoder can be effectively designed by leveraging exist-
ing hybrid precoding algorithms.
Thus, the proposed FPS group-connected structure stands
out as a promising candidate for hardware-efficient hybrid
precoding in 5G mm-wave systems. It will be interesting
to consider the FPS group-connected hybrid precoder design
combined with channel training and feedback [40]–[42], as
well as to investigate the dynamic grouping for further perfor-
mance improvement. In addition, including the matrix C as
a design variable to provide more theoretical support for the
FPS implementation would also be a valuable future research
direction.
APPENDIX A
PROOF OF PROPOSITION 1
Note that each entry in the switch matrix S is either 0 or 1,
and we discover that they can be optimally determined individ-
ually once α is given. In particular, to minimize the objective
function, sm,n should take value 1 if the corresponding (m,n)-
th entry in the matrix < (FoptFHDDCH) is closer to α than 0 in
the Euclidean space, and take value 0 otherwise, as specified
in (19).
The remaining problem is to choose an optimal α? that
minimizes the objective function. Since S ∈ B is an element
wise constraint, to simplify the notations, it is equivalent to
consider the vectorization version of (17), given by
minimize
α,s
‖x− αs‖22
subject to s ∈ {0, 1}n,
(35)
where n = NtNcN tRF, x , vec
{< (FoptFHDDCH)}, and
s = [s1, s2, · · · , sn]T , vec {S}.
First, we sort the entries of x in the ascending order as
x˜ = [x˜1, x˜2, · · · , x˜n]T , where x˜1 ≤ x˜2 ≤ · · · ≤ x˜n. Then all
the entries split the real line into n+1 intervals {Ii}ni=0, where
Ii , [x˜i, x˜i+1]. Furthermore, we can obtain some insights
from (19) to optimize α. Specifically, if α2 falls into a certain
interval Ii, the corresponding optimal s can be determined as
{sk}i−1k=1 =
{
0 α > 0
1 α < 0,
{sk}nk=i =
{
1 α > 0
0 α < 0.
(36)
Therefore, the objective function in (17) can be rewritten as
(36) at the top of next page. Note that within each interval
Ri = [2x˜i, 2x˜i+1], the objective function is a quadratic
function in terms of α, and hence it is easy to give the optimal
solution for α in Proposition 1.
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f(α) = ‖x˜− αs‖22
=

i∑
j=1
(x˜j − α)2 +
n∑
j=i+1
x˜2j α < 0 and
α
2
∈ Ii
i∑
j=1
x˜2j +
n∑
j=i+1
(x˜j − α)2 α > 0 and α
2
∈ Ii
=

iα2 − 2
i∑
j=1
x˜jα+
n∑
j=1
x˜2j α < 0 and α ∈ Ri
(n− i)α2 − 2
n∑
j=i+1
x˜jα+
n∑
j=1
x˜2j α > 0 and α ∈ Ri
(36)
APPENDIX B
PROOF OF LEMMA 2
We prove Lemma 1 by contradiction. Since in each interval
Ri the objective function is a quadratic function of α, the
optimal α? can only be obtained at the two endpoints of Ri
or at the axis of symmetry if the objective is not monotonic
in Ri. When α < 0, the axis of symmetry of the quadratic
function is given by
x¯i =
∑i
j=1 x˜j
i
, (37)
which is the mean value of the first i entries in x˜.
A hypothesis is firstly made that a certain endpoint x˜i is
the optimal solution to α. It means that the axis of symmetry
of the objective function in Ri−1 is on the right hand side of
x˜i, and the axis of symmetry of the objective function in Ri
is on the left hand side of x˜i, i.e.,
x¯i < x˜i < x¯i−1. (38)
Note that the entries in x˜ are ordered in the ascending order.
Hence, x¯i, as the mean value of the first i entries in x˜, is an
increasing function with respect to i, i.e., x¯i ≥ x¯i−1, which
is contradictory with (38) and completes the proof for α < 0.
The scenario of α > 0 can be similarly proved.
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